species (Hunziker, 1979; Eshbaugh 1980; Pickersgill, 1984; Hernández-Verdugo et al., 2001) , of which 5 (C. annuum, C. chinense, C. frutense, C. baccatum, and C. pubescens) have been domesticated (Pickersgill, 1997) . Peppers were one of the fi rst plants to be domesticated in the Americas, and they are used worldwide as a spice, condiment, and a vegetable (MacNeish, 1964) . Capsicum annuum is the most economically important species and includes the majority of peppers in the Americas, Africa, and Asia as well as several nonpungent sweet materials that grow in temperate regions of Europe and North America (Pickersgill, 1997) . The wild populations of this species are known as Capsicum annuum var. glabriusculum (Heiser and Pickersgill, 1975; Hernández-Verdugo et al., 1999) , which is considered the progenitor of domesticated peppers. These populations, which have the common name "chiltepin" or "piquines," are widely distributed throughout Mexico. Individual plants are generally found under trees in tropical deciduous forests, orchards, and grazing pastures (Hernández-Verdugo et al., 1999) .
All the wild forms are perennials, herbs, or climbers. Their fruits are small, red, and spicy, and they are eaten by birds, which spread their seeds (Vázquez-Dávila, 1996) . Capsicum annuum var. annuum has been collected, cultivated, and consumed in Mexico for hundreds of years. Plantings began approximately 8000 yr ago, followed by the cultivation and defi nitive domestication of the spicy fruits approximately 6000 yr ago (Perry and Kent, 2007) . Since pre-Columbian times indigenous communities have selected the characteristics with the greatest agricultural importance, such as the shape and size of the fruit (Pickersgill et al., 1979) , which has resulted in high morphological variation and a large number of landrace varieties that are adapted to local conditions. The landraces are native varieties that have been cultivated for long periods of time with intermediate but stable performance under a system of agricultural management. These varieties constitute an important genetic resource that is in danger of being lost because these crops are being displaced by improved hybrids with higher yields (Fári, 1986; Zeven, 1998) , whose demand in the market has increased over the last 30 yr. However, these hybrid varieties have the disadvantage of being susceptible to plagues and diseases inherent to the crop. Therefore, a study of the variability and genetic structures of wild and landrace populations is important for the management and conservation of this valuable genetic resource. Such variability constitutes an important genetic reservoir that can help solve agricultural problems, for example, by providing resistance to attack from plagues and diseases (Hernández-Verdugo et al., 1998; Votava et al., 2005) .
Species of the genus Capsicum have been studied using morphological, cytogenetic, and molecular markers with diff erent results depending on the origin of the materials (germplasm bank), the level of domestication of the species (wild and cultivated), and the genetic markers used (McLeod et al., 1983; Loaiza-Figueroa et al., 1989; Conicella et al., 1990; Lefebvré et al., 1993; Prince et al., 1992 Prince et al., , 1995 Hernández-Verdugo et al., 2001; Oyama et al., 2006) .
Recently, Aguilar-Meléndez et al. (2009) examined the nucleotide diversity of the sequences of the Dhn (dehydrin, an osmotic stress-related gene), G3pdh (gene encoding glyceraldehyde 3-phosphate dehydrogenase), and Waxy (gene sequence encoding granule-bound starch synthase) genes in 58 semi-wild populations and 22 domesticated populations. The genetic diversity was found to be similar among semi-wild populations (populations with morphological characteristics that are similar to those of wild populations and that are grown with minimal management) and domesticated populations of Capsicum.
The objective of this study was to compare the population genetic variation and structures of wild relatives, landraces, and hybrid populations of C. annuum to understand the consequences of the domestication process on the patterns of neutral genetic variation. For this purpose, microsatellites (also called simple sequence repeats, or SSRs) were used, as these tools have been applied to a great variety of plants owing to the high degree of polymorphism, codominance, and reproducibility (Haghnazari et al., 2005) . In addition, the identifi cation and characterization of numerous microsatellite loci for the Capsicum genus have recently been reported (Lee et al., 2004; Minamiyama et al., 2006; Portis et al., 2007; Huang et al., 2000; Ince et al., 2010) .
MATERIALS AND METHODS

Plant Materials
The plant material was sampled in northwestern Mexico, in the states of Nayarit, Sinaloa, and Sonora. In total, 12 wild populations of C. annuum were collected, covering a latitudinal interval of approximately 767 km from 21°24´ to 27°11´ N (Table 1, Fig. 1 ). Eleven of the wild populations were sampled in deciduous tropical forests in the states of Sonora and Sinaloa, and the other population was sampled within a commercial orchard at the location of El Llano in the state of Nayarit. The domesticated populations of C. annuum were sampled in the crop fi elds of Sinaloa and correspond to the landrace and hybrid groups. The landrace peppers belong to the Tequila, Cascabel, and Cola de Rata types. The hybrids correspond to the commercial types, Húngaro, Guajillo, Anaheim, Cambray, Serrano, Poblano, and Chilaca. Leaves were sampled from 20 plants that were randomly selected from each population. The leaves were immediately frozen in liquid nitrogen and fi nally transported to the laboratory and stored at −80°C until DNA extraction.
DNA Extraction and Amplifi cation of Microsatellites
The total DNA was extracted from young leaves using the method of Lefort and Douglas (1999) . Initially, 14 microsatellite primer pairs developed for the Capsicum genus were tested, but only 7 were selected to be scored in all sampled individuals on the basis of the reproducibility of the results and the levels of and Horvitz, 1953). To determine the signifi cance of F ST , the test X 2 = 2NF ST (k−1) was performed with [(k−1)(s-1)] degrees of freedom, where s is the number of subpopulations (Workman and Niswander, 1970) . The genetic diversity within each subpopulation (H S ) was calculated, along with the genetic diversity of variation revealed. These seven were the following: EPMS342, EPMS417, EPMS440, EPMS480, EPMS501 , EPMS643, and EPMS919 (Portis et al., 2007) . Polymerase chain reactions (PCR) were performed using a PCR multiplex kit (QIAGEN, Hombrechtikon, Switzerland) with 5-μL reactions as follows: 1X PCR multiplex Master Mix, 2 μM of each primer, distilled water, and 20 ng of DNA. The temperature profi le for PCR amplifi cation consisted of a cycle of 95°C for 5 min, followed by 35 cycles of 94°C for 1 min, 60°C for 1.5 min, and 72°C for 1 min. After cycling, there was a fi nal elongation step at 72°C for 5 min. The PCR-amplifi ed products were analyzed by capillary electrophoresis using an ABI 3100-Avant (Applied Biosystems, Hitachi, Japan) automated sequencer. Each of the samples analyzed in the sequencer contained 10 μL of formamide, 0.4 μL of Gene Scan 500 LIZ, and 1.0 μL of the PCR product. For visualization of the alleles, the Peak Scanner program version 1.0 (Applied Biosystems) was used.
Statistical Analyses
The genetic diversity of the populations was quantifi ed according to the average number of alleles per locus (A), the percentage of polymorphic loci (P), the observed heterozygosity (H O ), and the expected heterozygosity (H E ) using the GDA program version 1.0 (Lewis and Zaykin, 2001) . To assess whether the seven loci analyzed provide independent information, a test of pairwise linkage disequilibrium was conducted using Arlequin software version 3.0 (Excoffi er et al., 2005) . The genetic structure of the populations was calculated with Wright's F statistics (F IS, F ST , and F IT ) using GenAlex software versions 6.4 (Peakall and Smouse, 2006) . To determine whether the F IS and F IT values were significantly diff erent from zero with respect to the Hardy-Weinberg equilibrium, a X 2 test was performed using the following equation:
]/2 degrees of freedom, where N is the size of the sample and k is the number of loci analyzed (Li the total population (H T ), the total genetic diversity distributed among populations (D ST ), and the measurement of population diff erentiation (G ST ) for the seven loci (Nei, 1978) , where
These statistics were estimated using FSTAT software version 2.9.3.2 (Goudet, 1995) . In addition, a nonparametric analysis of molecular variance (AMOVA) was performed as described by Stewart and Excoffi er (1996) using four hierarchical levels: (1) wild vs. landrace vs. hybrid populations, (2) wild populations, (3) landrace populations, and (4) hybrid populations. The analysis was performed using Arlequin software version 3.0 (Excoffi er et al., 2005) . Finally, Bayesian clustering was performed using the STRUCTURE program (Pritchard et al., 2000) , where all individuals of the three groups of peppers were analyzed together under a mixed model with correlated allelic frequencies. To obtain the most probable K value (number of genetic groups), values of K from 1 to 5 were tested, with 10 independent runs for each K. The longitude of the run was 500,000 steps followed by 10 6 iterations. The K value with the greatest probability was calculated estimating the maximum value of the ΔK statistic, according to Evanno et al. (2005) .
The genetic similarity relationships among the populations under study were estimated by the unweighted pair group method with arithmetic averaging (UPGMA) using Nei's genetic distances (1972), calculated with the Tools for Population Genetics Analyses (TFPGA) program version 1.3 (Miller, 1997) . Similarly, an Analysis of Principal Coordinates was performed with Nei's genetic distances (1972) using the GenAlex software version 6.4 (Peakall and Smouse, 2006) . With the goal of testing the isolation by distance model in the wild populations, the correlation between pairwise genetic distances and pairwise geographic distances among populations was analyzed with a Mantel test using TFPGA software version 1.3 (Miller, 1997) .
To determine the possible genetic barriers in the distribution of the wild populations of C. annuum from the northwest of Mexico, the Monmonier's maximum diff erence algorithm was applied (Monmonier, 1973) with the BARRIERS program version 2.2 (Manni et al., 2004) . For the analysis of the barriers, Nei's genetic distances (1983) were employed and estimated for the 12 wild populations.
RESULTS
Population Genetic Variation
In wild populations, an average number of alleles per locus (A) of 3.6 was detected with the seven SSR markers, with a range from 2.6 (Mocuzari) to 5.0 (Estación Cuaternaria). In the landrace populations, A was 3.4, with a range from 3.0 (Tequila) to 3.8 (Cola de rata), and in the hybrid populations A was 3.1, with a range from 2.0 (Poblano) to 4.0 (Cambray) ( Table 2 ). The percentage of polymorphic loci (P) was 89.3% among the wild populations, with a range from 71.4% (Alcoyonqui and Tabalá) to 100% (various populations). Among landrace populations, the average was 80.2% and the minimum and maximum values were 71.4 (Cascabel) and 85.7% (Tequila), respectively. In the hybrid populations, the average was 93.2%, with a minimum of 66.7 (Poblano) and a maximum of 100% (various populations). The average H O and H E were, respectively, 0.225 and 0.466 for the wild populations, 0.201 and 0.422 for the landrace populations, and 0.237 and 0.440 for the hybrid populations (Table 2 ). The diff erences in the average values of A, P, H O , and H E among the three groups of pepper populations were not signifi cant. Among the three groups of pepper populations that were analyzed, the average H E value exceeded the H O values, which indicates that there is an excess of homozygous individuals. The test for pairwise linkage disequilibrium after a Bonferroni correction was nonsignifi cant in all cases, indicating that the seven analyzed loci provide independent information.
Genetic Differentiation among Populations
The average H T obtained with the seven microsatellite loci for the wild populations was 0.658, with a range from 0.216 (EPMS480 locus) to 0.885 (EPMS417). For the landrace populations, the average H T was 0.648, with a range from 0.461 (EPMS342) to 0.821 (EPMS417). For the hybrid peppers, the average H T was 0.725, with a range from 0.625 (EPMS440) to 0.868 (EPMS919) ( Table 3 ). The average intrapopulation genetic diversity for each group was highest for the wild peppers (H S = 0.501), followed by the hybrid populations (H S = 0.493) and then by the landraces (H S = 0.460). The average coeffi cient of genetic diff erentiation (G ST ) was 0.208 for the wild populations, with a range from 0.037 (EPMS440) to 0.295 (EPMS919). For the landraces, the average was 0.309, with a range from 0.033 (EPMS501) to 0.710 (EPMS480). For the hybrid populations, the average G ST value was 0.324, with a range from 0.192 (EPMS440) to 0.474 (EPMS342) ( Table 3 ). The average inbreeding coeffi cient (F IS ) within the wild populations was positive and statistically diff erent from zero (0.412) ( Table 4 ). The only value that was not diff erent from zero was found for the EPMS440 locus, which indicates Hardy-Weinberg equilibrium. The landrace populations presented positive values that were diff erent from zero at all of their loci, with an average F IS value of 0.542. The hybrid populations presented positive values that were diff erent from zero at fi ve loci. The total inbreeding (F IT ) among the three groups of peppers varied from 0.709 among the landrace peppers to 0.560 for the wild peppers. These results indicate that there is a high level of genetic diff erentiation among the populations of C. annuum for the three levels of domestication. The genetic diff erentiation was greatest among the hybrid populations (F ST = 0.424), followed by the landraces (F ST = 0.396), and fi nally the wild populations (F ST = 0.297). The analysis of molecular variation at the three hierarchical levels (Table 5) showed that most of the variation occurred within the populations (74.2%). However, a considerable proportion of the variation was found between populations (15.7%). The remaining variation (10.1%) was distributed among the three population groups (wild, landraces, and hybrids), indicating a clear distinction among these groups.
Relationships between Populations
The cluster analysis performed with the UPGMA algorithm generated a dendrogram that divided the populations into two genetic groups: group I, which was formed by two landrace populations mixed with the hybrids; and group II, which was formed by the wild populations, the Tequila landrace population, and the Chilaca hybrid (Fig.  2) . The parental lines of commercial hybrids are unknown. It is possible that the Chilaca variety was obtained from parental lines that were introgressed with genes from wild populations. For the Nei's (1972) genetic distance (GD), all the pepper populations presented an average value of 0.703, with a minimum value of 0.112 and a maximum value of 2.975. Within the wild populations, the average GD value was 0.455, with a minimum distance of 0.112 (EST and PIL) and a maximum distance of 1.121 (LLA and LVE). The landrace populations presented an average distance of 0.745, with a minimum distance of 0.566 (CAS and CRA) and a maximum distance of 0.955 (CAS and TEQ). The hybrid populations presented an average distance of 0.908, with a minimum value of 0.402 (HUN and CHI) and a maximum value of 2.201 (SER and ANA). The landrace populations were separated from the wild ones by a distance of 0.290, and the hybrid populations were separated from the wild ones by a distance of 0.453. Finally, the hybrid populations were interlaced with the landrace populations.
In the principal coordinate analysis, coordinate 1 explained 45.0% and coordinate 2 explained 16.3% (Fig. 3) of the total variation. The greatest discrimination was observed only for the axes of the two fi rst main coordinates. The axis of coordinate 1 clearly separated the wild populations from the landrace and hybrid populations, yet the landrace populations were grouped with the hybrid populations, refl ecting similarity among these two groups of domesticated peppers.
The analysis with the STRUCTURE program and the subsequent evaluation of the ΔK statistic indicated that K = 2 is the most probable number of clearly diff erentiated genetic groups of wild and domesticated C. annuum in northwestern Mexico. One group is formed by the wild populations and the other by the landrace and hybrid populations (Fig. 4) . However, in this test, the Tequila landrace and the Chilaca hybrid population presented evidence of introgression by the wild relatives. The test of isolation by distance performed only with the wild populations indicated a signifi cant and positive correlation between the geographic distance matrix (Km) and the genetic distance (r = 0.476; P = 0.03) (Fig. 5) . Using the BARRIERS program, fi ve genetic barriers in the distribution of the wild populations of C. annuum in northwestern Mexico were found with bootstrap-support greater than 59% (Fig. 6) . The fi rst barrier (Barrier 1) separated the 
DISCUSSION
In this study, we analyzed the variation and genetic structure of wild, landrace, and hybrid populations of C. annuum of northwestern Mexico. The results indicated high levels of genetic diversity both within and among the populations of C. annuum. The genetic variation in our study was greater than that found in previous studies of wild and domesticated populations of the Capsicum genus in Mexico that were performed with samples from germplasm banks with isozyme markers (Loaiza-Figueroa et al., 1989 ).
The results of the current study more closely coincide with previous studies performed on natural populations with isozymes and random amplifi ed polymorphic DNA (RAPD) (Hernández-Verdugo et al., 2001; Oyama et al., 2006) . The genetic diversity of the domesticated peppers as compared with the wild ones has slightly decreased at the seven loci studied, both in terms of allelic diversity and in terms of expected heterozygosity. However, hybrid populations showed higher expected heterozygosity than landraces. This could be a result of heterozygote formation during the breeding process of hybrid varieties. In contrast, landraces are maintained through generations of open pollination, including self-pollination. Among the landrace populations, we found an average reduction of 8.2% in genetic diversity, and in the hybrid populations we found a reduction of 10.3%. A similar pattern was found with RAPDs (Oyama et al., 2006) , with a genetic erosion of only ~8%. Similarly, for three functional genes (Dhn, G3ph, and Waxy), the domesticated peppers have (Nei, 1972) and geographic distance (km) showed a moderate correlation, r = 0.476, P < 0.030 from 10,000 randomizations.
retained 91% of the diversity found in wild C. annuum peppers in Mexico (Aguilar-Meléndez et al., 2009 ). This reduction in genetic diversity among domesticated populations may be associated with the domestication process. Our results show a positive coeffi cient of inbreeding for all the populations, with the landrace populations presenting the highest average value (0.542) and the hybrid populations presenting the lowest average value (0.393). These levels of inbreeding may be due to the reproduction system of this self-pollinating species, which shows only 7.8 to 38.6% cross pollination (Ballester and de Vicente, 1998) . However, these high to moderate levels of inbreeding may also be the product of the limited movement of genes among populations (Elam, 1998) , which by itself may cause signifi cant substructuring and an increase in inbreeding (Wright, 1943; Rohlf and Schnell, 1971; Turner et al., 1982; Soakal and Wartenberg, 1983; Hamrick and Loveless, 1986) . In contrast to previous studies of isoenzymes of wild and domesticated C. annuum in northwestern Mexico (Hernández-Verdugo et al., 2001) , where the average values of genetic diff erentiation were 0.056 for the wild populations and 0.167 for the domesticated populations, in this study we found that the domestication process has changed the distribution of the genetic variation of the domesticated populations in comparison with the wild populations. In the wild populations, we found average G ST values of 0.208 and F ST values of 0.287, while in the landraces peppers we found an average G ST value of 0.309 and an average F ST value of 0.396. Finally, we found greater diff erentiation among the modern pepper varieties (hybrids), with an average G ST value of 0.324 and an average F ST value of 0.424. It is possible that this genetic diff erentiation among domesticated populations is increasingly more intense than that observed among the wild populations. The average G ST values in this study are similar to the average values obtained with RAPDs (Oyama et al., 2006) among wild and domesticated populations of C. annuum in northwestern Mexico. Normally a genetic diff erentiation among populations (F ST ) greater than 0.15 is considered to indicate considerable genetic diff erentiation (Frankham et al., 2002) .
The diff erences in the G ST averages among the isoenzymes and the DNA markers (RAPDs and microsatellites) may be due to the variation of some enzymatic loci that are not selectively neutral and may determine deviations in the estimates of the parameters that describe the genetic structure of the populations (Ferguson et al., 1998) . On the basis of a matrix of genetic distances (Nei, 1972) , a dendrogram was constructed with the UPGMA method. This dendrogram separated the pepper populations into two groups, one grouping the wild populations and the other the cultivated pepper populations, with the exception of the Tequila (landrace) and Chilaca (hybrid) populations, which were grouped with the wild populations. The principal coordinate analysis showed tight clustering among the wild populations, while among the landrace and hybrid populations there is greater separation, refl ecting greater genetic diff erentiation among these populations. An analysis was performed with the Bayesian algorithm implemented by the STRUCTURE program, with the goal of determining the most probable number of genetic groups. This analysis produced a most probable value of K = 2. However, this analysis also suggested various degrees of mixing among the two main genetic groups (wild and domesticated). The signifi cance of Mantel's test refl ected isolation by distance in the structure of the wild populations being studied, where the populations that are the most distant from each other are genetically more diff erent than populations that are geographically closer. The natural isolation by distance results in limited gene fl ow, where the probability of gene fl ow between two populations is a function of the geographic distance between them. In the selfi ng populations of wild peppers, where little or no pollen fl ow is present, the gene fl ow must be produced by the movement of seeds, particularly through fruit consumption, with the seeds later disseminated by birds (Laborde and Pozo-Campodónico 1982; Pozo-Campodónico et al., 1991; Vázquez-Dávila, 1996) . The results obtained from the BARRIERS program identifi ed important barriers that separate the majority of the wild populations through the gradient of their distribution with bootstrap support of >59%. These barriers may possibly be due to the course of some riverbeds as well as to certain changes in vegetation altitude and climate that may result in some process of diff erentiation among the populations.
CONCLUSIONS
The populations of C. annuum of northwest Mexico may be classifi ed into two genetic groups. The fi rst group is formed by wild populations and the second group is formed by landraces and hybrids. The genetic variation within the wild, landrace, and hybrid groups is high, although when comparing the landrace and hybrid population with the wild pepper populations, there is a slight reduction in A (alleles per locus) and in H E (expected heterozygosity). The genetic diff erentiation among the domesticated pepper populations (C. annuum) is greater than that among the wild populations.
